COPY NO. 


o 


UNCLASSIRfc & 


PM NO.JE8D13 


21 -L 1948 


... ■" r ' A ' 




RESEARCH MEMORANDUM 

EXPERIMENTAL INVESTIGATION OF HOT -GAS BLEEDBACK FOR ICE 

PROTECTION OF TURBOJET ENGINES 

I - NACELLE WITH OFFSET AIR INLET 

By Edmund E. Callaghan, Robert S. Ruggeri 
and Richard P. Krebs c — — 

Flight Propulsion Research Laboratory 

CLASSIFICATION cArKHfflr““ 

<LfZi J.D-S&4 

. Ci tJ ( — 

“ZeE-aii — 


twi w*«t»m. e T>cimari brftRBJtLm 

, ■gfrrt ln c H»clfi*fcjnal of lb* Uaitad 

“ fltatas vUhtD lapdcoaga Act* 

U9C 90:51 *nd U. tta THiiaiilaalQa or tba 
ravalati;* o * tta ccstanta 1* nr mj con* to u 
-amuthortaai paraou t* profclbitad bar. 

WrrmMin m cluntfiad 1E3J b* i TTp i r fd 
air to p«rtoi> tB th* nllicur ud aawl 
■micu at tba UmBad SU«, ^proprtata 
drain oiflcan *nd mrlcrMs at the F*4ar*l 
Oumm i ii wte hu* a tastUmtta late me 
tbarcbr, nd to Uaiai. mrntetr eltm=a of too** 
tertdtj ud dtacretk* who of new l ty mat ba 
tafc nn ad Utaraod. 



NATIONAL ADVISORY COMMITTEE 
FOR AERONAUTICS 

WASHINGTON 

July 9, 1948 


N A c A Library 

LANGLEY MEMORIAL AERONAUTICA) 
LABORATORY 
Larvitey Fitld. V*. 


UNCLACR'nm 







v.J uJ^OOl fiED 


NACA RM No. E8D13 ^JB Sa /B KS&m^ 

NATIONAL ADVISORY COMMITTEE FOR AEROHATOICS 
RESEARCH MEMORANDUM 

EXPERIMENTAL INVESTIGATION OF HOT -GAS BLEEDBACK FOR ICE 

PROTECTION OF TURBOJET ENGINES 

I - NACELLE WITH OFFSET AIR INLET 

By Edmond E. Callaghan, Robert S. Rugger! 
and Richard P. Erehs 



1176 01435 5219 


SUMMARY 

Aerodynamic and icing investigations were conducted in the NACA 
Cleveland icing research tunnel on a two-thirds-scale model of a 
turbojet-engine nacelle in order to provide ioing protection for the 
engine, protective screen, and accessory housing by the introduction 
of hot gases into the inlet-air stream. 

An investigation of a hot-gae bleedbaot system consisting of a 
number of orifice holes peripherally located around the inlet opening 
was conducted for both dry-air and icing conditiona. The temperature 
distribution in the model was determined as a function of hot -gas 
pressure and temperature for a single value of free -stream total 
temperature and a range of tunnel velocities. 

Adequate ice protection was afforded when the minimum hinetic 
temperature in the protective screen was greater than 32° F. For 
an average air-temperature rise in the model of 40° F, the maximum 
deviation from the average was 8° F. The ram-pressure recovery of 
the inlet ducting for this condition was 77 percent. 


INTRODOCTIOH 

Experimental investigations show that the turbojet engine Is 
vulnerable to Impact ioing. Even in a mild Icing condition, the 
lose in air flow and the consequent increase in tail-pipe temperature 
usually prohibits continued operation. Some means of ice protection 
for the engine and inlet ducting Is therefore necessary. 

Three methods for such protection have been suggested. The most 
obvious of these methods is to keep those surfaces where ice may form 
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at a temperature above the freezing point . Another method, inertia 
separation, has beenexperimen tally investigate^ references 1 to 3). 
The thirdmethod is to raise the temperature of the incoming air,by 
the introduction of hot gases, to a temperature that is sufficiently 
high to prevent the formation of ioe. The third method is especially 
adaptable to a turbojet engine because the hot gas introduced Into 
the inlet can be supplied by the engine. The hot gas may be obtained 
from either the turbine inlet or the tail pipe, and the 108s in 
thrust that each method involves has been analytically treated in an 
unpublished report . The results of thia analysis show that an engine 
operating at rated rotational speed in an atmosphere of 0° F vith 
2 00 -percent saturation can be protected from ioe formations with a 
probable thrust loss of 5 to 17 percent. Because no Ice accretions 
are permitted to form, normal engine operation may be achieved as 
soon ae the airplane passes out of the icing condition. 

The principal disadvantage of this method is that such an ice- 
protection system may complicate engine installations in which the 
cabin of the airplane is pressurized with air from the turbojet- 
engine compressor. Furthermore, if only suff ioient gas is supplied 
for ice prevention (prohibition of ioe accretion), the system will 
probably be ineffective as a de-icer (removal of ice already formed). 

An investigation of a two-thirds-scale model of a jet-engine 
nacelle was conducted in the NACA Cleveland icing research tunnel. 

The nacelle represented one-half of a two-engine nacelle sim i la r to 
that employed in a four engine jet bomber of 91, 000 pounds gross 
weight. The model was provided with holes for introducing hot gas 
Into the Inlet. Data were obtained to determine the effect of gas 
temperature and pressure, tunnel velocity, and angle ofattaokcm 
the temperature distribution at the simulated engine inlet. The 
loing investigation to determine the minimum heat requirements was 
conducted over a range of liquid-water oontents from 0.3 to 1.1 grams 
per cubic meter and at a total temperature of 0° 7 with the model at 
an angle of attach of Co. 


APPARATUS 

Description of model . - The nacelle investigated represents one 
duct of a twin nacelle housing two turbojet engines and a main 
landing wheel . The model is two-thirds of full scales constructed 
of steel, moonel, and aluminum, and hasau inlet area of 1.24 square 
feet; it was designed for a maximum air flow of 32 pounds per second. 
For convenience in changing angle of attack, the Inlet and the duct 
ware rotated 90° about the longitudinal axis from the normal install- 
ation in the aircraft. The model as installed in the test section 
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of the tunnel and & typical airplane inetallation are shown in fig- 
ure 1. 

A l/4 -inch me ah, 0.050 -inch -diameter vlre screen was mounted in 
the model, as shown in figures 1 and 2, to simulate a typical pro- 
tective screen installation. Air flov through the model and inlet- 
velocity ratios were controlled by an electrioally driven tail cone 

(fig. 2 ) . 

Description of hot -gas bleedbaok system. - A sketch of a part 
of the hot-gas ducting, the plenum, chaaberln the nose, and the 
orifice holes is shown in figure 1 . The hot gas vas obtained hy 
passing high-pressure air through a combustion heater and hy ducting 
the air to the model* 

The location and diameter of the orifice holes in the model were 
chosen in accordance with the results reported in reference 5. In 
order to obtain the maximum penetration, the Jets were located as far 
upstream of the simulated engine as possible, that is, at the model 
inlet . The section of the inlet at the lip was used sea plenum 
chamber for the hot gaa, which also afforded icing protection for the 
lip. 


The orifice configuration investigated consisted of six l/2-imch- 
diameter holes and ten 3/8-inch -diameter holes, spaoedas shown in 
figure 3, and located in a plane approximately 6 inches back of the 
leading edge of the naoelle lip, as shewn in figure 2. 


INSTRUMENTATION 

The model instrumentation used in the investigation is shown 
in figure 2. The four front pressure rakes shown in figure 2 were 
located 90 0 apart and contained six total-pressure tubes and one 
static-pressuretuJbe. Static pressures were also measured ahead 
of and behind the soreen by two groups of four static -pressure tubes 
located 90° apart . The four rear rakes were offset 5° from the 
front rakes and consisted of five total -pressure tubes and one statio- 
preesure tube. All pressure tubes were electrically heated to prevent 
the formation of ice aooretlons. 

The average air temperature and temperature distribution inside 
the model verm measured by means of a thermocouple cross rake mounted 
In the duct 43 inches downstream of the orifice holes and just ahead 
of the simulated accessory housing, as shewn in figure 2. The rake 
consisted of 29 total -temperature thermocouples spaced 1 inch apart 
and mounted in two streamlined struts intersecting at 90°. 
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Temperatures on the duot surface ve re measured "by 47 flush- 
type thermocouples, of which 30 were mounted on the duot outer wall 
and 17 were mounted on the accessory housing. Temperatures directly 
ahead of the screen were measured by two thermocouples located on 
each support strut and temperatures behind the screen In the plane 
of the rear pressure rakes were measured by four thermocouple probes. 

The state of the gas in the plenum chamber was measured by four 
thermocouples located 90° apart in the plane of the orifice hole8 and 
by four static -pres sure tubes located in the rear wall of the plenum 
chamber . 5 gas flow through the orifice holes was measured by an 

orifice located in the ducting between the combustion chamber and the 
model . 

All pressure data were photographically recorded from multiple 
manometers and the temperature data were automatically recorded by 
use of flight recorders. 


SYMBOLS 


The following symbols are used in this report : 
o p specific heat of air,(Btu/( IbK 0 ?)) 

Op^ g specific heat of gas, (Btu/(lb)(^P)) 

Pf total pressure inside model, (lb/sq ft) 

Pq free -stream total pressure, (lb/s qft) 

Ap static-pressure drop across screen, (lb/sq ft) 
q dynamic pressure ahead of screen, (lb/sq ft) 



free -stream dynamic pressure, (lb/sq ft) 
arithmetic average total temperature in model, <°T) 
calculated hot -gas total temperature, (°F) 
free -stream total temperature, (°F) 
airflow through model, (lb/sec) 
hot-gas flow through orifice holes, (lb/sec) 
ram-pressure recovery, i - 



960 



MCA EM No. E8D13 


5 


PROCEDURE 

Aerodynamic investigation without bleedbaok. - An aerodynamic 
investigation, of the modelwithout Orifice holes was conducted to 
determine air-flcw characteristics and ram-pressure recovery 88 8 
function of inlet velocity ratio and angle of attaok for 8 range of 
tunnel velocities from 200 to 400 feet per second. At each tunnel 
velooity investigated, the angle of attack was varied from 0° to 
8° and for each angle of attaok the inlet velooity ratio was varied 
from 0.40 to 0.62. 

Aerodynsml oinvesticration with bleedback , - A number of orifice 
configurations were investigated m oiderto obtain 8 configuration 
that would give 8 uniform temperature distribution inside the model 
tor 8 range of values of tunnel velocity , angle of attack, gas flow , 
and gas temperature . The configuration chosen is shown in figure 3. 

The effeot of hot-gas hleedhack on the temperature distribution 
inside th model, air- flow characteristics, and ram-pressure recovery 
for the optimum orifice configuration was determined for the same 
range of values of tunnel velocity and angle of attack as “used in the 
aerodynamic investigation without hot-gas bleedbaok . In addition, the 
investigation was also conducted with 8 fixed tail-cone position cor- 
responding to 8 velooity ratio of 0.62 without bleedback. The range 
Of gas flows and plenum-chamber gas temperatures was from 0.4 to 
1 . 4 pounds per second and from 600° to 1200° F, respectively. For 
each plenum-chamber gas temperature, the gas pressure was varied 
from 3000 to 6000 pounds per square foot absolute. 

In order to determine the reduction in ram-pressure recovery due 
to the Jet penetration alone, cold gas was bled into the model 8t 
pressures up to 3000 pounds per square foot absolute at several tunnel 
velocities and at an angle of attack of 0°. 

Icincj with bleedbaok. - An investigation to determine the critical 
icing criterion 88 8 funotion of the mass air flow, gas flow, gas 
temperature, and liquid -water content for 8 constant free -stream total 
temperature of 0° was conducted in the following manner; 

For 8 constant tunnel velooity, an excess of hot gas was intro- 
duced into the model to insure adequate ice protection. After suf- 
ficient time had elapsed for conditions to stabilize, liquid water 
was introduced into the air stream. A5-minute time interval was 
selected to observe if any ice accretion occurred as evidenced by 8 
noticeable rednotion ofsir flow. If no notloeable reduction in air 
flow occurred, the plenum-chamber gas pressure was reduced 350 pounds 
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per square foot and another 5 -minute 'observation period was held. 

This process was repeated until loe had formed and air flow had 
appreciably reduced. 

Pressure data were recorded at the beginning and the end of 
each time Interval and temperature data were continuously recorded. 
This investigation was conducted at tunnel velocities Of 200, 290, 
355, and 415 feet per second with liquid-water contents from 0.3 to 
l.lgm.w per cubic meter at an average drop diameter of 15 microns. 
The plenum-chamber gas-temperature ranged from 700° to 1100° F. 

Plenum-chamber gas -temperature correction. -During the inves- 
tigation, the plenum-chamber gas -temperature readings were consis- 
tently low because of thermocouple radiationeffeots. Calibration 
of the plenum-chamber thermocouples by utilizing the following heat- 
balance equation was therefore necessary: 

C P (Wg - V g ) <T„ - T 0 ) . W g (T g - T„ t ) o pjg 

a curve showing the relation between the measured and calculated 
plenum-chamber temperatures is shown in figure 4. For all subsequent 
calculations involving plenum-chamber gastemperature, the corrected 
value was used. 


BESULTS AND DISCUSSION 
Aerodynamic Investigation without Bleedback 

Barn-pressure recovery. - A ram-pressure recovery tj of about 
0.99 was obtained at an angle of attack of 0° and an inlet velocity 
ratio of 0.82. A very slight decrease in ram-pressure recovery was 
observed with decreasing inlet velocity ratio and increasing angle 
of attack. 

Mass-flow characteristics. - The mass flow through the model 
varied linearly with tunnel velocity for fixed tail-cone position 
and angle of attack. A maximum flow of approximately 31 pounds per 
second was obtained at an inlet velooity ratio of 0.82, Stunnel 
velocity of 430 feet per second, and an angle of attack of 0°. 


Aerodynamic Investigation with Bleedback 


Air-temperature distribution, -5 data presented In this report 
are for 5 single jet configuration that is considered optimum in regard 
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to uniform temperature distribution. Uniform distribution vas obtain- 
able at only a few combinations of hot-gas plenum-chamber pressure 
and temperature, tunnel velocity, and angle of attack. Tie most 
uniform temperature distribution occurred when the plenum-chamber gas 
temperature and pressure were 965° F and 4560 pounds per square foot, 
respectively, at 8 tunnel velocity of 290 feet per second and an 
angle of attack of 0°. TJhder these conditions, the temperature inside 
the model ms raised from a tot 81 temperature of 0° F to an average 
total temperature of 45.7° F and the maximum deviation from, the 
average vas 6° F. 

The effect of plenum-chamber gas pressure on the temperature 
distribution 8t the thermocouple cross rake is illustrated in fig- 
ure 5. In this and subsequent figures, lines of constant total- 
temperature rise above free-stream total temperature are indicated. 

The figures representing the temperat tire -rise distribution at the 
thermocouple cross rake are in the position in vhioh the madel vas 
mounted in the tunnel. The four distributions were taken at 8 
tunnel velocity of 290 feet per second, 8 plenum-chamber total gas 
temperature of approximately 915° F, and an angle of attach of 0°. 

At the lowest plenum-chamber gas pressure (4000 Ib/sq ft), 8 high 
temperature region existed to the left and above the center 
(fig. 5(a)) and a rather severe gradient existed in the upper right 
sector. Increasing the pressure to 4700 pounds per squarefoot 
(fig. 5 (b) ) eliminated the high-temperature island and decreased 
the temperature extremes, but a further increase in the plenum- 
chamber pressure to 5500 or 6300 pounds petr square foot (figs. 5(c) 
and 5(d)) again increased the temperature extremes. Because the 
jets in the nose of the model are fixed in size, the plenum-chamber 
gas pressure could not be increased without increasing the gas flow. 
Higher temperatures yere therefore encountered in the model with 
increased gas pressure for 8 constant plenum-chamber gas temper- 
ature. As the average temperature rise vas increased, there was 
an accompanying increase in temperature gradient. 

An increase in the plenum-chamber temperature increased the 
temperature rise in the model (fig. 6), but had little effeot on the 
temperature extremes or the temperature distribution pattern. All 
data presented in figure 6 were obtained at 8 tunnel velocity of 
290 feet per second, a plenum-chamber pressure of 5500 pounds per 
square foot, and an angle of attack of 0°. 

Increasing the tunnel velocity increased both the air flow 
through the model and the inlet velocity. 5 increase in air flow 
lowered the average air -temperature rise in the model for constant 
values of 811 other variables. 5 increase in inlet velooity had 
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8 decided effect on the temperature -rise distribution Inside the model, 
88 illustrated In figure 7. The temperature -r 1 ee contours are for 
nearly constant manifold conditions, a plenum-chamber gas temperature 
Of 1145° F, 8 pieman-chamber gas pressure of 5500 pounds per square 
foot, and an angle of attack of 0°. 

Changing the angle of attack of the model from 0° to 8° had no 
effect on the temperature rise In the model (fig. 8). The similarity 
of Isotherm lines is illustrated for the following condition : tunnel 
velocity, 200 feet per second; plenum-chamber gas temperature, 1210° F; 
plenum-chamber gas pressure, 5500pounds per square foot. 

Skin temperatures. - The highest skin temperature measured was 
125° F and was obtained at 8 point adjacent to the hot-gas ducting. In 
addition, the average air total temperature Inside the model was approx- 
imately 80° F. For an average air total temperature of approximately 
40° F, the skin temperature did not exceed 100° F. 

Mass flow and ram-pressure recovery losses due tobleedbaok .- 
The hot-gas Jets reduced the air flow as the temperature in the model 
increased. The decrease in air flow with temperature for several values 
of tunnel velocity and an angle of attack of 0° is shown in figure 9. 

If these curves were extrapolated to a model temperature of 0° F cor- 
responding to the tunnel temperature of 0° F, the resultant mass sir 
flow would be the same as that obtained without Jets. The decrease 
In air flow through the model when the Jets are turned on is primarily 
caused by the ohange in density of the air and secondarily by the 
momentum pressure loss associated with adding heat to 8 moving stream. 

Eam-pressure recovery is adversely affected by the presence of the 
Jets. When the model was first Investigated without orifice holes, 8 
ram-pressure recovery Of approximately 0.99 was realized. Subsequent 
warping of the model, caused by high manifold pressures and temper- 
atures, and the installation of orifice holes reduced the ram-pressure 
recovery without the Jets to about 0.91. The introduction of cold 
gas under pressure through the orifice holes reduced the ram-pressure 
recovery another 5 to 6 percent. 5 effect on ram-pressure recovery 
of raising the temperature in the model by mane of hot-gas Jet8 is 
shown in figure 10. A part of the reduction in ram-pressure recovery 
can be attributed to the lo88 in total pressure associated with the 
addition of heat. 5 remainder of the loss is due to the loss of 
total pressure arising from the mixing Of the Jets Wfth the air flow 
through the model. Eam-pressure recovery is believed to decrease 
slightly with increasing plenum-chamber pressures and decreasing 
tunnel velocity, but the effects are obscured by the spread of the 
data. 
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Icing with Bleedback 

In analyzing the icing data, the pressure-drop coefficient 
Ap/q across the inlet screen was computed for each icing run. The 
-screen was considered iced when the value of Ap/q approached approx- 
imately 1.5 times the value fbrthe screen at the beginning of each 
run. The percent bleedback V g /V a and plenum-chamber gas temperature 

corresponding to thie criterion are plotted in figure 11 for tunnel 
velocities of 290 and 355 feet per second. Bo Ice 8coretions were 
observed on the accessory housing and nacelle lip when the inlet 
screen was iced. 

Three theoretical curves shown in figure 11 are based on the 
following analysis: Icing on the screen was assumed to occur when 

the minimum kinetio temperature (static temperature plus 0. 85 times 
the dynamic temperature rise) on the screen was 32° F. From the 
data taken without sprays, when the average air temperature in the 
model was determined to be approximately 40° F, the temperature 
deviation at the cross rake was approximately 8®. Under these con- 
ditions, the ram-pressure recovery (fig. 10) was 77 percent. In 
order to maintain 8 min imum kinetio temperature in the screen Of 
32° F, an average total temperature of 41.4° Inside the model was 
necessary with s velocity in the screen of 350 feet per second cor- 
responding to 8 tunnel speed of 290 feet per second. The theoretical 
curve A in figure 11 related the gas temperature and percent bleed - 
back required to maintain 8 total temperature of 41.4° F in the model 
with 8 tunnel velocity of 290 feet per second, s tunnel temperature 
of 0° F, and dry air. 

Curve Bin figure 11 was calculated for the same temperature 
insidethe model for 8 wet-air condition. The amount Of iaolsture in 
the air used to compute this curve was assumed to be about the max- 
imum possible water content in the tunnel at 290 feet per second and 
0° F with the sprays on, and was assumed to consist of the water in 
200-percent saturated air at Oo F plus a liquid-water content of 
1 gram per cubic meter. Curve C was calculated for the same water 
content and kinetic temperature in the screen, but at 8 tunnel vel- 
ocity of 355 feet per second corresponding to a screen velocity of 
430 feet per second. The total air temperature in the model required 
for ice prevention under these conditions was 42.3° F. 

An examination of figure 11 shows that most Of the data falls 
within the limits of the three curves. The correlation of data and 
theory indicates that icing will not occur if the surface kinetic 
temperature is maintained above freezing. If all the conditions 
of the investigation had been ideal, all the lower speed data would 
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have fallen between curves A and B and all the higher speed data 
would have been to the left of curve C. Actually, the displacement 
of some Of the data points to higher than theoretical amounts of 
bleedback is attributable to several factors: the nonuniformity of 
liquid water in the model, the variation of screen solidity, aAd the 
velocity distribution ahead of the screen. 


SUMMARY OP RESULTS 

The following results were obtained from an icing -re search- 
tunnel investigation of a two -third s - scale nacelle for 8 turbojet- 
engine nacelle. The nacelle was provided with orifice holes for 
admitting hot gas to the engine-inlet duct for ice prevention. 

1. The inlet screen of the model was kept practically free of 
ice, provided sufficient hot gas was supplied to keep the kinetic 
temperature throughout the screen above 320 F. 

2. For 8 dry-air condition, the maximum deviation from the 
average air-temperature rise at the simulated engine inlet was 
about 8° F for an average air-temperature rise in the model of 
400 F. The addition of heat required for 8 40° F air-temperature 
rise lowered the ram-pressure recovery to about 77 peroent. 

3. Changes in duct-inlet velocity greatly affected the tem- 
perature distribution inside the model. More uniform temperature 
distributions were obtained at high plenum-chamber gas pressures . 
Changes in hot-gas temperature and angle of attack had little 
effect on the temperature-distribution pattern. 

4. The introduction of cold gas under pressure through the 
orifice holes decreased the ram-pressure recovery in the model 
by 5 to 6 percent. 

5. The decrease in mass flow with hot-gas bleedback was 
almost entirely attributable to the decrease of the airdensity 
resulting from the increase in air temperature in the model. . 


Flight Propulsion Research Laboratory, 

National Advisory Committee for Aeronautics, 
Cleveland, Ohio. 
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Figure 1 . - Sketch showing hot-ma ducting and model lnatsllstion In tunndl test section. 
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Figure 2. - Location of instrumentation cm model of turbojet -engine nacelle. 
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— Relation between calculates and measured plenum- 
chamber gas temperatures. 


Figure 4 . 
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Figure 10. - Vari ati on of ram-pressure recovery with model air temperature. Angle of • ttrok, 0°} 
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Figure 11. — Bleedback required for ice prevention as function 

of plenum-chamber gas temperature for free-stream total 
temperature of 0° F. 
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